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Figure 5. Ratio of free CMPO concentration to initial concentration of CMPO as a function of [HNO3].
CMPO in dodecane was determined by HPLC. Errors shown are the standard deviation of duplicate
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Figure 9. (Left: Third-phase formation when Am solvent extraction was performed using 0.1 M
CMPO/ dodecane irradiated in the presence of 0.1 M HNOj solution. The solution was diluted to 0.016
M in CMPO with fresh dodecane prior to the extraction contact. Middle: Precipitate formed when
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Figure 11. Americium distribution ratios for extraction from 2 M HNOs (closed symbols), and
stripping of the loaded organic phase (open symbols) using 0.1 M HNOs;, for irradiated 0.1 M
CMPO/dodecane solutions. The CMPO solution was irradiated after pre-equilibration with 2 M HNO3
(triangles), or in contact with an equal volume of 2 M HNOj (squares), then diluted to 0.016 M prior
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solution (circles), and aerated 3 M HNOj pre-equilibrated solution (triangles). The acid-equilibrated
data were normalized to an initial CMPO concentration of 0.1 M. Error bars are shown for + 5% in
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of 3 M HNO:s (open circles); and reactor He/Li irradiation with no aqueous phase (closed boxes). Error
bars shown are + 5% in CMPO concentration............c..ooeveeiieeineiiniiiiineieeeeene
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concentration was 0.016 M by dilution with fresh dodecane prior to extractions. Error bars are +
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Figure 20. Transient kinetics observed™ at 800 m nm for dodecane radical cation reaction with 5-20
mM CMPO. Data offset in both time and absorbance intensity to aid clarity. Solid lines are exponential
decay fits, with corresponding first-order rate constants of (5.05 + 0.27) x 10® (open square, 5 mM
CMPO), (5.48 £ 0.34) x 10® (open circle, 10 mM CMPO), (6.01 £ 0.66) x 10® (open triangle, 15 mM
CMPO), and (6.85 =+ 052) x 10° (open down triangle, 20 mM CMPO) s,
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Figure 21. Top: Second-order rate constant plot for reaction of dodecane radical cation (R™®) with
CMPO in dodecane/0.10 M CH»Cl; at 295 K. Individual data points and corresponding error bars are
the average of 3 individual measurements for each concentration of CMPO. Solid line is weighted
linear fit, corresponding to a slope of ks = (1.30 £ 0.11) x 10" M' s™!, (R* = 0.96). Bottom: Measured
rate constants for 20 mM CMPO in aerated dodecane/0.10 M CH»Cl, contacted with different nitric
acid concentrations showing no significant increase in reactivity.........oovvvrerrerriniireeiieneenneninnenn

Figure 22. Initial (zero-time, extrapolated) UV-visible absorption spectrum of the *NOs radical in zert-
butanol generated through direct radiolysis of 1.25 M (C4Ho)4aNNO; dissolved in dodecane at

Figure 23. Pseudo-first-order kinetic decays observed for *NOs radical in tert-butanol with added
CMPO; 22 uM (O0), 63 uM (0O), 80 uM (A) and 100 uM(V). Solid lines are fitted exponential decays,
giving the rate constants plotted in Figure 24....... ..ot eaee s

Figure 24. Second-order rate constant determination for the reaction of the *°NOj3 radical with CMPO
in dodecane. Error bars are one standard deviation as obtained from 3-4 individual measurements.
Solid line is weighted linear fit, corresponding to second-order rate constant of kis = (1.28 = 0.13) x
108 M 8 s

Figure 25. Top: Transient absorbance of (SCN),” from N;O-saturated 102.4 uM KSCN solution
containing zero ([7), 102.8 (O), 208.5 (A), and 406.9 (V) OM DTPA at pH 6.00 and 23.8°C. Bottom:
Competition kinetics plot for the determination of second order rate constant of hydroxyl radical using
ratios of limiting absorbance of kinetic traces of top. Solid line is weighted linear fit, with slope of m
=(2.69+0.07)x 107", intercept of I = 0.999 + 0.009, R? = 0.998. This slope corresponds to ks = (2.28
£ 0.07) X 107 M ST

Figure 26. Fractionation plot for the protonated species of DTPA at 25°C generated using literature
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Figure 27. a) Measured (SCN), " absorbance for N,O-saturated, 100.3 uM KSCN and 199.6 uM Eu**
with zero (top black), 20.8 (red), 61.6 (green) and 99.7 (bottom blue) uM DTPA at pH 3.03 and 21.9°C.
b) Transformed competition kinetics plots for Eu-DTPA at from peak absorbance data of a). Solid
line corresponds to linear fits, from which are determined specific rate constants for hydroxyl radical
reaction with Eu-DTPA of k =(3.63 £0.04) x 107 M s ..o

Figure 28. Summary of pH-dependent hydroxyl radical rate constants with metal-loaded DTPA at
room temperature (20-22°C). Also shown are the equivalent data for free DTPA ligand in aqueous
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SUMMARY

This document is the final report for the Nuclear Energy Universities Program (NEUP) grant 10-910
(DE-AC07-05ID14517) “Alpha Radiolysis of Nuclear Solvent Extraction Ligands used for An(Ill) and
Ln(III) Separations”. The goal of this work was to obtain a quantitative understanding of the impacts of
both low Linear Energy Transfer (LET, gamma-rays) and high LET (alpha particles) radiation chemistry
occurring in future large-scale separations processes. This quantitative understanding of the major radiation
effects on diluents and ligands is essential for optimal process implementation, and could result in
significant cost savings in the future.

The work performed here first measured and compared the impacts of y and a- irradiation on ligands
used in separation systems for nuclear material. Effort was focused upon the major ligands used in the
PUREX, TRUEX and TALSPEAK processes, notably TBP, CMPO and DTPA. Electron pulse radiolysis
experiments quantitatively determined reaction rate constants for these ligands with the most important
radicals formed y and a-radiation, which were the hydroxyl radical (HO®) and the nitrate radical (*°NO3) in
the acidic aqueous phase and the *NO; radical and solvent radical cation (C12Hz™®) in the organic
(dodecane) phase. These data were augmented by steady-state irradiations on diluents and solvent systems,
where distribution and stripping ratios and decomposition products were determined. While gamma
irradiation was performed using either “°Co or *’Cs irradiators three distinctly different methods for alpha
radiolysis were utilized. These included isotopic alpha irradiation (***Cm, ***Am, *''At), helium ion beam
irradiation (5.0 MeV He?*" accelerated particles) and a TRIGA™ reactor. As each of these alpha radiolysis
systems had their own advantages and disadvantages they were used both simultaneously and independently
on our systems in order to obtain the data of interest.

New findings from this work include the remarkable radiolytic stability of CMPO in dodecane,
especially when in pre-contact with acidic water. This was attributed to the formation of a CMPOeHNO3
complex that protected this ligand from radical degradation. Mass spectroscopy analysis of irradiated
CMPO/dodecane systems showed different breakdown patterns and product distribution yields for the two
forms of radiation, indicating that different reaction mechanisms were occurring. Comparison of the nitrate
radical rate constants in the aqueous and the organic phase demonstrated that the latter were consistently
faster. The measurements of the fast reaction kinetics of dodecane organic solvent radical cations with these
extraction ligands was also performed, however, these data were not able to explain the stability of CMPO
in this solvent. Hydroxyl radical reactions with metal-loaded DTPA in aqueous solution, and *NO; radical
studies with CMPO-metal complexes showed that the reaction kinetics of metal-coordinated ligands was
up to an order-of-magnitude faster. These kinetic findings were also seen in reactor based uranium-TBP
radiolysis experiments, which showed that gamma irradiation caused generally much more degradation
than alpha irradiation, and for both these forms of radiation, TBP complexed to uranium degraded far
quicker than the free TBP ligand. Finally, a direct comparison of these three alpha irradiation techniques
on a model dye system demonstrated that dose-rate effects were extremely important in quantifying the
overall degradation efficiencies.

The knowledge gained in this work provides not only a comprehensive understanding of the
radiation chemistry of currently proposed processes, but also give quantitative baseline information and
evaluation methods for any future proposed nuclear solvent extraction systems. Thus this investigation
filled major current gaps for real-world, irradiated, solvent systems.
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1. INTRODUCTION

The development of a complete understanding of the fundamental chemistry of separations processes
is essential for an optimized large-scale approach that will allow minimal processing and waste generation.
These separations are designed to recover fissionable material and minimize the radiotoxicity of nuclear
waste ultimately destined for geological disposal. The separation of the minor actinides, notably
Americium, from dissolved nuclear fuel is one of the more formidable challenges in this regard. The
partitioning of americium, and its subsequent transmutation in fast reactor fuel, would reduce high-level
waste long-term storage requirements by as much as two orders of magnitude'. However, this is difficult
to achieve as the lanthanides have very similar chemistry to americium, but cannot be incorporated into
fuel.

Therefore, research into several aqueous solvent extraction processes for Ln(IIl) separation from
An(Ill) is underway worldwide. In the USA the most developed process for this separation remains
TALSPEAK? (Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Extraction from Aqueous
Komplexes) based on the competition between HDEHP (bis(2-ethylhexyl) phosphoric acid) in the organic
phase and lactate-buffered diethylenetriamine pentaacetic acid (DTPA) in the aqueous phase. In Europe
and Japan, more focus has been placed on the use of dithiophosphinic acids’, diamide
(DMDOHEMA )/bis(triazinyl)pyridine (BTP) mixtures and now diglycolamides’. A promising
development now in the USA is the ALSEP process (Actinide Lanthanide Separations) which combines an
organic phase containing DGA and phosphonic acid ligands, in competition with an aqueous phase
containing a water soluble ligand to hold back actinides extraction’.

For any large-scale separation process to be adopted, it must be robust under conditions of high-
radiation does-rates and nitric acid hydrolysis. In particular, the effects of radiation on solvent extraction
formulations may result in decreased ligand concentrations, giving lower metal distribution ratios, as well
as reduced separation factors due to the generation of undesired complexing products, and impaired solvent
performance due to films, precipitates, and increased viscosity®. As such, the quantification of the ligand
degradation chemistry induced by the radiation field in which this separation will operate will provide
useful information for future process design, and possible ways to avoid unwanted degradation products.
While some work has been previously performed, or is currently underway towards this goal, significant
gaps in our knowledge remain. Principal amongst these gaps are the effects of alpha-radiation and the
kinetics/degradation products of irradiation of metal-loaded ligands. The study of alpha radiolysis impacts
on solvents and particularly ligands was the focus of this NEUP-sponsored investigation.

This work originally proposed was to measure the effects of gamma and alpha irradiation on selected
solvent systems using both steady-state irradiations, to measure effects on extraction performance
(distribution and stripping ratios) combined with mass spectrometry to identify decomposition products,
and electron pulse radiolysis measurements to determine the kinetic parameters for the important transient
species reactions. Another focus was to investigate the radiolytically-induced degradation of metal-loaded
ligands, particularly for the kinetics of these radiolysis reactions in the organic phase. Practically no work
has been done in this media. Thus, our investigation aimed to fill several major gaps that are needed to
describe the deleterious reactions that have importance in a real, irradiated solvent system. The knowledge
gained in this study provides not only a comprehensive understanding of the radiation chemistry of currently
proposed processes, but also give baseline information and evaluation methods for any future proposed
nuclear solvent extraction systems.
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2. SIGNIFICANCE

The fuel cycle research and development program has developed multiple aqueous solvent extraction
processes for the separation of the actinides from used fuel. The main steps in USA proposals use TBP
(tributylphosphate) in the PUREX (Plutonium Uranium Redox EXtraction) process for uranium extraction,
octylphenyl-N,N-diisobutylcarbomoyl-methylphosphine oxide CMPO in TRUEX (TRansUranic
EXtraction) for group lanthanides and trivalent actinide removal, and then HDEHP/DTPA in the
conventional TALSPEAK process” for the separation of the trivalent actinides and lanthanides. Several
TALSPEAK-like alternatives are also under consideration.’ As the most mature process, the radiation
chemistry of PUREX has been the most thoroughly investigated, and is best understood. The TRUEX
process has received less attention, and little radiation chemistry work has been performed for TALSPEAK.
Apart from TBP, almost no work has been done on the alpha radiolysis of any of these solvent (diluent plus
extraction ligands) systems. Since all these systems will be exposed to high gamma and alpha radiation
doses, and solvent recycling is desirable to minimize process costs, an understanding of the major radiation
effects is necessary for their successful deployment. Minimizing deleterious effects with proper design of
ligands and solvent washing steps to remove radiolytic degradation products, could result in significant cost
savings.

3. APPROACH

The initial focus was on TBP and CMPO, the most important ligands in the U.S. recycling strategy.
Even though TBP radiation-induced chemistry had been studied for many years it is important to recognize
that little alpha-radiolysis information was available, and the results generated here for both ligands would
be new. The comparison of alpha and gamma irradiations would also allow us to elucidate the mechanisms
of ligand decomposition, as the respective yields of radicals produced by the different radiation sources are
known. It is also important to note that the radical kinetics do not depend on how the radicals are produced,
the main difference between alpha and gamma radiolysis is in the yields of those radicals. Thus the data
obtained by pulse radiolysis methods are applicable to both alpha and gamma radiolysis. Once the optimal
techniques were established with TBP and CMPO additional studies on other ligands such as HDEHP and
DTPA were envisioned. The structures of these main ligands that were investigated are shown in Figure 1.
All these results and techniques established here are applicable to other ligand systems as well, and thus
these results remain useful as new solvent systems are developed.

Figure 1. Ligands of interest in this study. From left to right: TBP, CMPO, HDEHP, and DTPA
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4, RESULTS

4.1 Alpha radiolysis measurements

The determination of alpha-radiolysis induced ligand degradation is difficult, with no single reported
method being optimal. Therefore, in this study we conducted our experiments using three concomitant
approaches to perform these desired measurements and to identify the best method. The three
complementary methods were:

4.1 a) Internal isotope irradiation: Selected ligands were alpha-irradiated using ***Cm in 0.10 M HNO; as
an internal source at Idaho National Laboratory. Absorbed dose ranges were achievable up to 500 kGy,
similar to the absorbed doses achieved using analogous gamma-irradiation experiments, which allowed
direct comparison of dose constants, yields, and decomposition products between the two isotopic radiation
sources. These experiments were of long duration, typically weeks of irradiation with samples withdrawn
at appropriate intervals for testing. The advantages of this approach were that large accumulated doses were
available, plus that ligand/solvent systems were irradiated in the same manner that would be experienced
for large-scale, reprocessing, conditions. A significant disadvantage of the use of isotopic irradiations was
that the resulting samples were alpha-emitter contaminated, which limited the analytical techniques
available for the determination of ligand decomposition products. The analytical suite of techniques we
were able to use for these contaminated samples included HPLC, UV/Vis spectroscopy and ICP-MS.

Another approach was use of the alpha-emitting isotope ?''At. These experiments were performed in
collaboration with Chalmers University of Technology in Gothenburg, Sweden, who had a ready supply of
this medical isotope from Copenhagen. The ?''At isotope was produced by irradiation of bismuth targets
with high-energy alpha particles. This isotope has a 7.2 hour half-life, emitting alpha particles with an
average energy of 5.98 MeV, decaying either through 2’Bi or *!'Po to stable *’Pb’. The complete o-decay
of this isotope occurred within a few days, which considerably simplified post-irradiation analytical
chemistry. As we were unable to procure a source of this isotope in the US, we performed four experiments
at Chalmers Technical University over the period of this grant. While this approach afforded significantly
more options in post-irradiation analysis, one major disadvantage was that only low (20-50 kGy) total doses
could be obtained. Often, this energy was just not sufficient to cause significant ligand degradation.

4.1 b). Helium ion-beam measurements: The use of alpha particle accelerators allows the continuous
irradiation with alpha particles on aqueous, organic and mixed biphasic systems, with selected alpha
energies at much larger dose rates (~10 kGy/hour) than from internal sources, and no residual activity. The
latter is the most significant advantage of this approach, allowing for standard analytical techniques to be
used on these irradiated samples. As such, we utilized the accelerator system at the University of Notre
Dame to perform irradiation experiments on different solvent/solute systems®. However, one drawback to
this irradiation method is that the a-particles have limited solution penetration (~30 pm) due to their 5 MeV
energies after passing through the cell window. This meant that cell contents had to be stirred vigorously.
Experiments had to be conducted to establish optimal conditions for this stirring, but were ultimately
successful. In addition, while much larger dose rates were available compared to the isotopic irradiations,
the scheduling of beam time on the accelerator meant that only relatively low doses (50-100 kGy total dose)
could be achieved for only a small number of samples.
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4.1 ¢) Reactor for neutron induced alpha decay: A new, novel, approach to elucidating alpha-radiolysis
effects that we incorporated into this study was to utilize the same principle used in Boron Neutron Capture
Therapy (BNCT) to create a significant alpha dose within a solution. Solutions were placed inside a sealed
vessel that also contains a significant amount of boron-10, that would capture reactor-generated neutrons
in the TRIGA™ reactor at the University of California Irvine and undergo alpha decay to lithum-7;
1B(n,a)’Li’. The total energy of the reaction is ~2.79 MeV and is shared by the alpha particle (~1.47MeV),
the "Li recoil nucleus (~0.84 MeV), and in 94% of the reaction events there was also a 0.48 MeV gamma
ray emitted'’ (see Figure 2).

“Li
@ / Figure 2. Schematic of

O(na) = 3840 barns the '"B(n,a)’Li reaction

O |:> used in the TRIGA™
_ [+ - . .
+94% 0.48 MeV Y-ray reactor at University of

California, Irvine for these
8 high LET alpha irradiation

\ experiments'’.

Both the alpha particle and the Li recoil represent high LET decay modes that mimic conditions anticipated
for spent fuel reprocessing. The presence of the gamma ray is not seen as a major problem as their effects
can be accounted for by separate experiments. The major advantage to this approach was that it allowed us
to investigate both the effect of total alpha dose to a sample as well as the effect of dose rate. However,
these studies required careful calibration of the dose rates and correlations needed to be made to account
for effects from gamma doses due to the vicinity of the reactor core.

The goal of performing these three different types of alpha-radiolysis was to quantitatively evaluate the
radiation induced degradation of both free and metal-loaded ligands, and to establish the most efficient and
cost-effective approach in obtaining the required data. Combining these alpha radiolysis data with the
auxiliary gamma studies, and ultimately bench-scale distribution measurements on irradiated systems, the
ultimate aim of this work was to provide information that would allow creation of a predictive computer
model that could be ultimately used to model process conditions to optimize extraction ligand performance
in separating An(III) and Ln(IIT). Our overall approach in this project is summarized in Figure 3.

a-radiolysis measurements

[ ]
inad‘;;tion I [“'bea'“ ] [ Re:ﬁm ] [iso:o-pes]
O O O O

Radical Kinetics / Stable Products / Extraction Studies ]

O

[ Predictive computer model ]

-

Figure 3. Summary of overall experimental approach used in our NEUP study.
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4.2 CMPO studies

4.21 HPLC measurements

The ligand chosen for initial study was CMPO (octylphenyl-N,N-diisobutylcarbomoyl methyl-
phosphine oxide) in dodecane. Dodecane was used throughout this entire study to mimic the organic
diluents used for large-scale reprocessing. To achieve post irradiation quantification of CMPO a high
performance liquid chromatography (HPLC) method for its measurement in dodecane that featured a low
pH buffer, octanol as a co-solvent with 2-propanol, and ultraviolet (UV) detection was developed''. All
experiments were carried out isocratically, using a mixture of 30 mM phosphate buffer, pH~2.6, and 2-
propanol with 3.6% 1-octanol in 60/40 ratio. The chromatographic separation was achieved with a C18
reverse-phase (RP-C18) column (Supelco, 25 cm % 4.6 mm, 5 um) with a flow rate of 1 mL/min. The
column temperature was maintained at 50°C. CMPO concentrations were determined at a wavelength of
220 nm, the peak of its UV absorption spectrum.

Validation data indicated that the HPLC—UV method for CMPO determination provided good linearity,
sensitivity, accuracy and precision. To extend this methodology to the measurement of CMPO/ dodecane
solutions for conditions that anticipated nuclear fuel reprocessing, we used 100 mM CMPO in dodecane
contacted with 3—5 M HNOs before being subjected to gamma irradiation. As a typical example'', Figure
4 shows CMPO samples y-irradiated in the presence of 3 M HNO;. Analysis of the sample receiving a dose
0f229.8 kGy showed peaks corresponding to HNOs (the initial peak), TPP (triphenyl phosphate, the internal
standard) and CMPO, and a significant radiolysis product at 10.5 min that was shown to correspond to
mono-isobutyl CMPO by subsequent ESI-MS experiments. In addition, lower abundance peaks were seen
at ~6 min, 14—15 min, and 25-30 min (regions a, b, ¢ in Figure 4) that are very likely other radiolysis
products. This conclusion is supported by the chromatograms generated for a sample treated with a higher
dose (612.8 kGy), which showed marked increases in the responses of the low abundance peaks, including
the mono-isobutyl CMPO derivative and significant decrease in the CMPO concentration. Other radiolysis
products identified by GC in this study, and previously'*"
corresponding isopropyl ester, octylphenylphosphinyl acetic acid, and octylphenyl (N-isobutyl) carbamoyl-
methylphosphine oxide.

, included octylphenylphosphinic acid and the

Further evaluation of our HPLC-UV method was conducted to analyze unirradiated CMPO samples
that were pre-contacted with HNO;. The effect of HNO3 on unirradiated CMPO was also of interest because
it is known that CMPO complexes and extracts acid as well as metals. A previous study by Fuji et al."*
showed apparently decreasing CMPO concentration with increasing acidity at low [HNOs], up to 3 M, but
that the measured CMPO concentration appeared to be insensitive to higher acid concentrations. In our
work, equal volumes of 100 mM CMPO in dodecane were contacted with different concentrations of HNOs,
after which the separated dodecane layer was analyzed by our standard CMPO method. Figure 5 shows the

4 studies at

effect of HNOj; on the UV response at 220 nm. Our experiments agreed well with Fuji et al.’s
low HNOj; concentration. However, at higher nitric acid concentrations the apparent CMPO concentration
continued to decrease to the maximum acid concentration of 6 M. It was suspected that the reason for the
apparent decrease in CMPO concentration in the presence of acid was due to the formation of a complex,
(2HNO;3;-CMPO)'*. Their conclusion was in qualitative agreement with earlier work,'>'® however, the

prior studies had concluded that the stoichiometry of the complex was (HNO3-2CMPO).,.
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Figure 4. HPLC-UV chromatograms of y— irradiated CMPO with a non-irradiated control. UHPLC/ESI-
MS showed mass 352 as a main radiolysis product. Lower abundance peaks were seen at ~6 min, 14—15
min, and 25-30 min (regions a, b, c) that are very likely other radiolysis products.
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Figure 5. Ratio of free CMPO concentration to initial concentration of CMPO as a function of [HNO3].

CMPO in dodecane was determined by HPLC. Errors shown are the standard deviation of duplicate
measurements.

-

To further attempt to elucidate the formation of these complexes, which would considerably impact the
measurements of CMPO concentrations in later studies, direct infusion ESI-MS was conducted in this study
in to directly observe the suspected complex. Both the acid extract of HNO;-contacted CMPO and the
organic layer produced an abundant ion at m/z 900 (Figure 6) in addition to the expected [CMPO+H]" at
m/z 408. The m/z 900 ion would nominally correspond to [(CMPO)>(HNO3)Na]", a conclusion supported
by collision induced dissociation (CID) which produced a single fragment ion at m/z 837, corresponding to
elimination of 63 Da (loss of HNO3). These results support the existence of a complex
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Figure 6. (a) MS1 of the acid extract of CMPO contacted with HNOs. (b) MS2, isolation and collision
induced dissociation of m/z 900.

having a 2:1 ratio of CMPO:HNO:s. lons that would correspond to a 1:2 stoichiometry were not observed.
The implications of the formation of this complex that is apparently undetectable by HPLC is that standard
calibration curves should be prepared by contacting known concentration CMPO solutions with the
appropriate acid concentration just prior to analysis.

4.2.2 5°Co gamma and alpha irradiation of CMPO in dodecane

The **Co gamma irradiation of 100 mM CMPO solutions in dodecane was conducted at Idaho National
Laboratory, utilizing their Gammacell-220 irradiator, and at the University of Notre Dame Radiation
Research Laboratory, using three different “’Co irradiators with various dose rates. These solutions were
irradiated under different conditions, to further elucidate the chromatographic findings detailed in the
previous section. Figure 7 shows a summary of our measured data for irradiated sealed samples. The pre-
contacted CMPO/dodecane irradiations showed an apparent lower initial yield, consistent with the
chromatography results above. For both dry and pre-contacted CMPO/dodecane irradiation, no difference
in °Co dose rate over the range 0.175 — 15.9 kGy hr' was seen. The decay of CMPO was linear with dose,
implying zero-order kinetics. From the slope of this line, a G-value for CMPO loss of -Gempo = 0.145 +
0.008 pM Gy' was obtained (minus sign corresponds to ligand loss). The corresponding slope for the “°Co
gamma irradiated pre-contacted solution was much lower, -Gempo = 0.034 +0.017 uM Gy showing that
there is significant radioprotection from the nitric acid contact which reduced the rate of CMPO
degradation. It is also important to note that the low -Gemro value for the pre-contacted solution data is
heavily influenced by the two end-point values, which suggests that the CMPO concentration change could
be effectively zero (within 26). Subsequent experiments demonstrated that water contact alone did not give
any protection, and that having air continuously bubbled through the solutions during irradiation also
slowed down the overall degradation.

More interesting are the alpha radiolysis results. The ion-beam data for the dry solvent falls directly
on the ®Co irradiation line, which was not anticipated as the radiolysis of organic diluent by the two
different forms of irradiation are very different. Similar results were found for the acid pre-contacted data,
where the 0.10 M HNO; ***Cm data was consistent with the 3.0 M HNO; y-irradiated data? In water, the
radiation-induced decomposition occurs via':
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Figure 7. Summary of CMPO degradation measured using ®’Co irradiation (0.175 (A), 3.14 (O,@) and
15.9 (O, W kGy hour™) and helium ion beam radiolysis (%) and ***Cm alpha irradiation (®). Open
symbols correspond to dry CMPO/dodecane while solid symbols correspond to CMPO pre-contacted with
HNOj5 (3.0 M for y irradiations, 0.10 M for ***Cm a. irradiations). Solid lines correspond to calculated y G-
values (degradation efficiencies) of -Gempo = 0.145 £ 0.008 and -Gempo = 0.034 = 0.017 mM kGy™ (umol
Gy™") for dry and pre-contacted solutions, respectively.

radiation

H,0 —24%" 510 28]HO® + [0.27]esq” [0.06]H® +[0.07]H,0,+ [0.27]H,0" +[0.05]H, (1)

where the numbers in brackets are the G-values of each species in pmol per Gray (or per Joule in water) of
energy deposited'’. These yields are given for low linear energy transfer (low LET) radiation, such as y-
rays, electrons or X-rays for water in the pH range 3-10. At the more acidic conditions of both these
experiments, and under anticipated large-scale process conditions, the hydrated electrons formed (€aq)
would quickly react with H,O™ to give more hydrogen atoms (H*)'":

€aqg + H;0" — H,O + H* k2=23x10"M"'s" ()

In addition, at high concentrations of HNO, in the water direct radiolysis of this chemical also gives the
nitrate radical (NOs*):

radiation

HNO; ———>NOs* + H* 3)

The nitrate radical can also be formed indirectly through the radical reaction of the hydroxyl radical (HO®)
with undissociated nitric acid'®:

HO® + HNO; — NO;* + H,O ki=14x103M's! 4)
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In the presence of dissolved oxygen some hydrogen atom loss through the formation of relatively inert
HO,* radicals will occur'”:

H®* + 0O, —» HO,* ks=1.2x 1010 M! S_l (5)

but the relatively low dissolved oxygen concentration will not be sufficient for quantitative removal. Thus
under acidic aqueous conditions the main ligand degradation species are the hydroxyl (HO®) and nitrate
(NOs®) radicals. Some hydrogen atom (H®) may also occur depending upon the amount of dissolved
oxygen. Acid pre-contacted organic solvent (dodecane) radiolysis will give the same species, plus
additional organic carbon-centered radicals and solvent radical cations. The carbon-centered radical species
will also react with oxygen species to produce less reactive peroxyl compounds (RO,*). Like HO-® the
RO,* species are unlikely to influence ligand degradation significantly.

The alpha radiolysis of water and organic solvents has been shown to give the same radical and
molecular product species, but in different initial yields. In general, the amount of radicals produced is
lower, and the amounts of molecular products higher. For example, in acidic water the '°Po 5MeV o
radiolysis gives':

H,0 —&74040n 5 10,05]HO® + [0.33]H® + [0.15]H,0, + [0.16]H, ©)

Moreover, separate experiments with H>O, contact showed no change in CMPO concentration over a one-
week period indicating this was not a major degradation pathway. Ultimately, the major species involved
in the degradation of separations ligands in mixed-phase solutions will be the three radicals HO®, NOs* and
perhaps H®. It is their chemistry that is of major significance in both a and v irradiated solution, and since
their yields are different gamma and alpha radiolysis would be expected to give different results. While
this was observed for the ***Cm experiments (practically no CMPO degradation measured), the agreement
between the dry dodecane irradiation data remain puzzling.

To further elucidate the chemistry of CMPO/dodecane degradation and protection, additional ®Co
experiments were conducted on CMPO/dodecane solutions that were pre-contacted with acidic water®’. The
v-irradiation of 0.1 M CMPO/dodecane in contact with an equal volume of 0.1 M HNO; was consistent
with that of pure organic solution, at about -Gemeo = 0.18 pmol J™', again confirming that the protection of
CMPO using 3 M HNOs must result from the nitric acid itself, and not merely from the presence of water.
Additional experiments confirmed that nitrate ions alone also did not confer any degree of protection. The
variation of -Gcmpo With pre-contact acidity is shown in Figure 8.

This linear decrease observed for increasing acidity pre-contact allows us to calculate a pseudo-
equilibrium constant for the formation of a [CMPOxe(HNO3)y+1] complex. This complex is written in this
fashion as its exact stoichiometry is not known. However, it is clear that with increasing acidity, we appear
to be adding more HNO; to an initial [CMPO4e®(HNO3)y] complex formed at lower HNO3 concentrations
(hence y — y+1). Writing this addition reaction simply as:

[CMPO4e(HNO:3),](org) + HNOs(aq) & [CMPOx®(HNO3)y+1](org) K5 (7
and using the equilibrium constant K; and mass balance the total [CMPO ] from the apparent measured
value, [CMPO]mes, can be calculated using the expression:

CMPO
Wﬁm — 1+ K, [HNO, (aq)] ®)

meas
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Figure 8. The decrease in —Gewmpo for the irradiation of 0.1M CMPO in contact with aqueous phases of
increasing nitric acid concentrations. The mean of three determinations at 3 M HNO3; was 0.073 £ 0.012
umol J™'. Inset: Determination of equilibrium constant for [CMPOxe(HNO3),1] complex formation.

From the data plotted in the Figure 8, Inset, K7 = 0.150 £ 0.011. This value is about an order of magnitude
lower than that for CMPO<HNO; formation in trichloroethylene'®. Moreover, such a relatively low
equilibrium constant suggests that the product complex should dissociate in the HPLC eluent, which implies
that this equilibrium is not just for a single HNO3; molecule being complexed to only CMPO. Further
experiments are planned to determine the true complex composition.

4.2.3 9°Co Irradiated CMPO/dodecane Solvent Extraction Experiments

Post-irradiation CMPO solutions were used for Am solvent extraction experiments®’. Equal volume,
room temperature (21 + 2°C) forward extraction contacts of 2 min duration were performed from ***Am
traced 2 M HNOs. The tracer concentration was ~2 uM Am. As these experiments were performed in the
absence of TBP, it was found that CMPO, and its metal complexes, have relatively low solubility in
dodecane. Thus the irradiated 0.1 M CMPO solution was diluted to 0.016 M CMPO with fresh dodecane
prior to use, to improve the solubility of the extracted Am*CMPO complex. However, third-phase formation
and poor mass balances still accompanied some irradiations, due to the low solubility of radiolysis products
and radiolysis-product complexes with Am (see Figure 9).

Following contact, 1 mL aliquots of each phase were removed for y-ray counting, with the Am activity
determined at 74.7 keV. The loaded organic phase was then stripped with an equal volume of 0.1 M HNOj3,
and aliquots of these phases removed for y-counting. The distribution ratio (Dam) Was determined as the
ratio of Am activity in the organic to aqueous phases. Thus, high values for the forward extraction Dam
indicate favorable solvent extraction, while low values for the strip Dam indicate favorable back-extraction.
All extractions were performed in triplicate, with the reported Dam being the mean results. The low CMPO
concentrations necessitated by low CMPO solubility resulted in low distribution ratios, with only limited
activity transferred to the organic phase. Thus, the precision of the strip distribution ratios was limited, with
relative standard deviations for replicate measurements as high as + 20%. The precision of the triplicate
forward extractions averaged = 5%.



Alpha Radiolysis of Nuclear Solvent Extraction Ligands
11

Figure 9. (Left: Third-phase formation when Am solvent extraction was performed using 0.1 M CMPO/
dodecane irradiated in the presence of 0.1 M HNOj solution. The solution was diluted to 0.016 M in CMPO
with fresh dodecane prior to the extraction contact. Middle: Precipitate formed when samples of 0.1 M
CMPO/dodecane were irradiated in the absence of a bulk aqueous phase with no metal present. Right:
Third-phase formation when 0.1 M CMPO/dodecane was irradiated in the presence of 2 M HNOs3, for both
deaerated and air-sparged samples in the absence of metal.
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Figure 10. Americium distribution ratios for extraction from 2 M HNOj3 (closed symbols), and stripping of
the loaded organic phase (open symbols) using 0.1 M HNOs3, for irradiated 0.1 M CMPO/dodecane
solutions. The CMPO solution was irradiated in the absence of an aqueous phase (diamonds) or in contact
with an equal volume of 0.1 M HNO; (triangles), then diluted to 0.016 M prior to the extractions.

As shown in Figure 10, irradiations in the absence of an aqueous phase, or in contact with an equal
volume of 0.1 M HNO:s, resulted in an increase in both the forward extraction and stripping distribution
ratios for Am. Both increased by nearly a factor of two at the highest absorbed dose of 482 kGy. A
comparison of the neat and 0.1 M HNOs-contacted irradiated systems showed that the concentration of
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Figure 11. Americium distribution ratios for extraction from 2 M HNOj (closed symbols), and stripping of
the loaded organic phase (open symbols) using 0.1 M HNOs;, for irradiated 0.1 M CMPO/dodecane
solutions. The CMPO solution was irradiated after pre-equilibration with 2 M HNOj (triangles), or in
contact with an equal volume of 2 M HNOs (squares), then diluted to 0.016 M prior to the extractions.

CMPO decreased while the extraction and stripping distribution ratios increased. This implies that the
irradiation of CMPO/dodecane and CMPO/dodecane in contact with dilute acid have similar effects on —
Gcewmro and solvent extraction, indicating that degradation products capable of complexing Am are produced
by radiolysis under both conditions. Furthermore, the mass balances quickly deteriorated for the forward
extractions shown in Figure 10, until at the highest absorbed dose only ~75% of the initial Am was
accounted for in the two post-extraction phases. This was accompanied by the appearance of a third phase,
and/or precipitate, as shown in Figure 9. We attribute this third phase to the production of an Am radiolysis
product complex that has limited solubility in either phase. However, it did not appear for irradiations at
higher acidities, indicating that the protonated version of the product is soluble in the aqueous phase.

When 0.1 M CMPO/dodecane was irradiated in contact with higher nitric acid concentrations, stripping
distribution ratios from the loaded organic phase also increased; however, forward extraction distribution
ratios decreased. These results agreed with previous investigations®'* and are shown in Figure 11 for
irradiation of 0.1 M CMPO irradiated in contact with an equal volume of 2 M HNOs, or after pre-
equilibration with 2 M HNOj but irradiation of only the wet organic solution. Pre-equilibration produced
the same effect on solvent extraction, as did the bulk acid phase. Additionally, even for the non-irradiated
samples the strip distribution ratios were higher than the forward extraction distribution ratios. This was
produced by low forward extraction Dam, as compared to those in Figure 10 and is attributed to competition
for the rather low CMPO concentration by nitric acid. Continued increases in nitric acid
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Figure 12. Americium extraction from 2 M HNOs (closed squares) and stripping from the loaded organic
with 0.1 M HNOj3 (open squares) for 0.1 M CMPO/dodecane y-irradiated in aerated contact with an equal
volume of 2 M HNOs. The CMPO was diluted to 0.016 M prior to extractions.

concentration had no further effect on Am extraction or stripping, despite the changes in —Gcmeo shown in
Figure 8. These results indicate that a product with high affinity for Am is produced that becomes
complexing only upon contact with the dilute acid phase used in stripping. This effect had been previously
reported, and is usually attributed to acidic decomposition products that are soluble in the organic
12,2325

phase

Irradiated neat organic samples and organic samples that had been pre-equilibrated with 2 M HNO; but
contained no bulk aqueous phase produced a white precipitate in greater amounts with increasing absorbed
dose. The precipitate did not appear when samples were irradiated in contact with a bulk aqueous phase.
The insoluble product, as shown in Figure 9, continued to precipitate after the termination of the irradiation
and may be the species complexing with Am to cause the third phase during extraction.

Solutions irradiated in contact with 2 M HNO3 with air sparging were also used for Am solvent
extraction experiments, with results shown in Figure 12. Although there is some scatter in the data, it
appears that for aerated irradiations, there was little change in the extraction or stripping Dam e€ven at high
absorbed doses. When both air-sparged and deaerated samples were irradiated in contact with an equal
volume of 2 M acid, a reddish-orange oil formed at the interface (Figure 9) with increased yields with
absorbed dose, and also continued to precipitate out of solution after termination of the irradiation.
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4.2.4 Alpha Irradiated CMPO/dodecane Solvent Extraction Experiments

Almost no work has been done on the a-radiolysis of CMPO solutions. Only Buchholz et al. [6] had
performed o-irradiation of CMPO-containing solutions; however, degradation yields and products were not
determined in this study. Therefore, after our °’Co irradiation work we investigated the o-radiolysis of this
compound in dodecane under a variety of conditions, using multiple o-sources. The isotopic a-source ***Cm
was used to perform CMPO/dodecane irradiations at a dose rate of 1.1-1.4 kGy hour™, depending on the
volume irradiated, at room temperature. These irradiations were performed in sealed 20 mL scintillation
vials, with about 10 mL of headspace. The vials were opened intermittently for sampling purposes and thus
these samples are considered to have been aerated throughout the irradiation. These data were compared
to a He-ion beam irradiation, which was performed for sealed (deaerated) samples at a dose rate of 10.5
kGy hour™, and He/Li ion radiolysis (1.4 MeV and 0.85 MeV, respectively) on sealed samples as generated
by the reaction of neutrons with '°B. Different absorbed doses to these 0.1 M CMPO/dodecane samples
were achieved by varying the total boron concentrations to values of 0, 0.03, 0.06, 0.09, 0.12, or 0.15 M
using bis(pinacolato)diboron, to generate high-LET dose rates of 0, 43, 86, 129, 171, or 213 kGy hour™,
respectively. Background corrections for gamma (estimated at ~40 kGy hour™) and neutron absorbed doses
were performed by irradiating CMPO samples that contained no added boron. The temperature of the
reactor-irradiated samples did not exceed 31°C. Other details for these high LET irradiations are as
described previously®.

The effects on —Gempro and the solvent extraction performance of these irradiated solutions were
compared to degradation products analyses. The results for the He-ion beam irradiation of the pure organic
phase containing initially 0.1 M CMPO/dodecane are shown in Figure 13. For de-aerated pure organic
solution, there appears to be a slight decrease in CMPO concentration, consistent with the data shown in
Figure 7. Possibly less CMPO decay is seen for irradiated, aerated, solutions. However, the minimal
concentration change (due to low dose) and data error bars makes it hard to quantify this difference. Also
shown in Figure 13 are data for aerated samples irradiated with the He-ion beam after pre-equilibration
with 3 M HNO:;. Since acid contact reduces the apparent CMPO concentration in the HPLC-UV procedure''
the acid-contacted sample data were normalized to an initial CMPO concentration of 100 mM. Although
these acid pre-contacted data can be fitted with a line of negative slope all of the concentration values are
actually within 2 ¢ of their mean. It was therefore concluded that the CMPO concentration remained
constant for He ion beam irradiation for the acid pre-contacted conditions, again similar to the data shown
in Figure 7. Lower rates of decomposition were measured for samples y-irradiated in the presence of acid
or air’’. However, absorbed doses as high as nearly 500 kGy were employed in that work, and such trends
may not be evident at the absorbed doses available with the He ion beam.
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Figure 13. The change in CMPO concentration for He-ion beam irradiation of initially 0.1 M CMPO/
dodecane under various conditions. Aerated pure organic solution (diamonds), deaerated pure organic
solution (circles), and aerated 3 M HNOj pre-equilibrated solution (triangles). The acid-equilibrated data
were normalized to an initial CMPO concentration of 0.1 M. Error bars are shown for £ 5% in CMPO
concentration.
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Figure 14. The change in CMPO concentration under various conditions of alpha (high LET) irradiation.
#Cm irradiation in the presence of 0.1M HNOjs (open diamonds); reactor He/Li irradiation in the presence
of 0.1M HNO; (closed diamonds); normalized reactor He/Li irradiation in the presence of 3 M HNOs (open
circles); and reactor He/Li irradiation with no aqueous phase (closed boxes). Error bars shown are + 5% in
CMPO concentration.
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To achieve higher absorbed dose, 0.1 M CMPO/dodecane solutions were irradiated with a-radiation
from the decay of ***Cm. As shown in Figure 14, there was still no detectable change in CMPO
concentration at the highest absorbed dose of 550 kGy, in agreement with the results found by He ion beam
irradiation. Figure 14 also shows the results for reactor-generated high LET particle irradiation of 0.1 M
CMPO in dodecane’?®. These LETs are comparable to other a-sources. For example, the LET (in water)
of the particles used here range from 155.8 eV nm™ for the ~5.0 MeV He ion to 213.9 eV nm™ fora 1.5
MeV He ion, to 239.1 eV nm™ for the 0.85 MeV Li ion*’. This can be compared with 0.27 eV nm™ or low-
LET “Co y-rays®™. It is clear that a significant, consistent decrease in CMPO concentration occurred for
samples that were reactor-irradiated in the absence of the aqueous phase, with similar results found for
samples irradiated in the presence of 0.1 M HNOs. The resulting —Gewmpo values are 0.06 and 0.05 pmol J°
!, respectively, about a factor of three lower than that for y-irradiation (—-Gcmpo ~0.18 pmol J™) under similar
conditions®. This decrease in alpha radiolysis yield is in reasonable agreement with Cames et al.*°, who
reported a factor-of-four lower G-value for DMDOHEMA radiolysis using an a-source. For samples
reactor-irradiated in contact with 3 M HNOs, no detectable loss in CMPO concentration occurred, as also
shown in Figure 14, consistent with the HNO3 radioprotection of CMPO in gamma experiments.

Americium solvent extraction experiments were performed on He-ion beam irradiated aerated, de-
aerated, and 3 M HNOs pre-equilibrated samples. These data are shown in Figure 15. It can be seen that the
distribution ratios did not change with absorbed dose, within measurement error. The presence or absence
of air did not affect these values. Pre-contact with 3 M HNOs, followed by irradiation of the wet
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Figure 15. The solvent extraction distribution ratios of Am from 2 M HNOs, for initially 0.1 M CMPO/
dodecane irradiated using the He-ion beam: aerated (closed diamonds); deaerated trial 1 (open boxes);
deaerated trial 2 (closed boxes); pre-equilibrated with 3 M HNOs (closed triangles). The CMPO
concentration was 0.016 M by dilution with fresh dodecane prior to extractions. Error bars are £+ 10%.
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organic phase, resulted in lower distribution ratios for both irradiated and non-irradiated samples. This
suppression of Dam was previously noted for CMPO/dodecane solutions contacted with 2 M HNOs, where
it was attributed to competition for the low ligand concentration of 0.016 M by nitric acid®’. However, there
was no downward trend in Dan due to alpha irradiation. These results are in agreement with the lack of
radiolytic CMPO degradation for these samples (Figures 13 and 14). The changes in extraction and
stripping Dam for Cm-irradiated 0.1 M CMPO/dodecane (always in contact with 0.1 M HNO3) are shown
in Figure 16. The Dam values were unchanged to the highest absorbed dose for both the extraction and strip
contacts, also as expected due to the lack of CMPO degradation observed for Cm-irradiated samples.

For these high LET irradiations the He-ion beam samples were analyzed by ESI-MS, as no radiological
contamination of the instrument occurred for samples irradiated using this method. The main products
identified® for non-acid equilibrated CMPO samples irradiated to 20 or 38 kGy were the amides N,N-
diisobutylformamide (DiBFA) and N,N-diisobutylacetamide (DiBAA), an oxygenated derivative of
DiBFA, and diisobutylamine (DiBA); these were formed by cleavage reactions on either side of the central
methylene moiety of CMPO, or by cleavage of the amide bond (Figure 17).

1

e

£ 01

-4

*e

§ ¢ * o0

=

2 00

(a]

0.001 : '
0 200 400 600 800

Absorbed Alpha Dose (kGy)

Figure 16. The solvent extraction (solid symbols) and strip distribution ratios (open symbols) of Am from
2 M HNO;, for initially 0.1 M CMPO/dodecane irradiated using ***Cm in 0.1 M HNO;. The CMPO
concentration was diluted to 0.016 M prior to extractions. Error bars shown are + 10%.
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Figure 17. Cleavage pathways occurring in alpha-irradiated CMPO, as indicated by the amides DiBFA,
oxy-DiBFA, DiBAA, and DiBA seen in the direct infusion ESI-MS screening of a 0.1 M CMPO/dodecane
solution irradiated using a He-ion beam®.

These cleavage reactions were accompanied by radical recombination reactions, involving mainly H* atom
or HO" radical. DiBFA and oxy-DiBFA could be secondary radiolysis products of DiBAA, but in this case,
cleavage exclusively at the C—P methylene bond would be indicated. Traces of DiBAA were also found in
the aqueous phase when 1 mM HNOs was used to extract the irradiated 0.1M CMPO/dodecane, with smaller
amounts of diisobutylamine (DiBA) also identified®’. The cleavage reactions producing the amides and
DiBA must also produce compounds containing the phosphoryl moiety (Figure 17). These products have
been identified in the ESI-MS screening of y-irradiation products®*** but were not seen in the a experiments.
This indicates that they are likely present only in low concentrations (as were the amides and DiBA) and
hence are difficult to measure using direct infusion ESI-MS because intact CMPO is so efficient at
monopolizing charge in the ESI-MS experiment. Such low concentrations of the phosphoryl degradation
products are unlikely to have a significant influence on the extraction efficiency. In their protonated form,
the acetamides are water soluble, and if they act as metal complexing agents they could retain Am
complexes in the aqueous phase; causing a decrease in extraction efficiency with absorbed dose. However,
when we added commercially available dibutyacetamide (DBAA) over the range 0.05-1.0 mM to Am-
spiked 2 M HNOj3, no change in either forward extraction or stripping Dam was found.

A final comparison of the ESI-MS data for CMPO/dodecane products showed some common products.
A summary of the important differences is given in Figure 18, where the major cleavages occurring are
highlighted.
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Figure 18. Summary of CMPO molecule cleavage for ’Co (top) and alpha (bottom) radiolysis. Top: Green
most probable, blue some cleavage, black minimal. Bottom: Red most probable, pink some, black minimal.

4.2.5 Radical Kinetic Experiments

As stated previously, under acidic aqueous conditions the main ligand degradation species are the
hydroxyl (HO®), nitrate (NO3*®) and perhaps hydrogen atom (H®) radicals. In the organic (dodecane) phase,
the chemistry is considerably simplified by the presence of dissolved oxygen, and entrained water/nitric
acid. As part of this proposal, the absolute kinetics of these radicals with CMPO in dodecane were also
investigated. For both high and low LET energy deposition bond scission and ionization occurs, for both
the organic diluent and the entrained HNOs. For these direct effects, the reactions occurring are®®:

CH3(CHa)1oCHy — ™ > H* + *CH; + *C,Hj + € oty + [CH3(CH2)10CH3] ©)
HNO;s(org) —44on_y 11® + NOs® + NO»* + Hsoty + O™ + HNO5™ + e7ary (10)

The presence of dissolved oxygen in these aerated solutions means that all the formed solvated electrons
(e-solv), hydrogen atoms (H®) and carbon centered radicals (*CHs, *CxHy) will quickly react to form relatively
inert peroxyl radicals'’*®. Collectively writing these species as R®, we have

R*+ 0O, > RO,* (11)

The NO;* radical is not reactive in either water or in alkane solution, so does not need to be further
considered. The O® radical is highly reactive'’, and will immediately abstract a hydrogen atom off any
organic species. As the diluent concentration is higher than any solute, it is expected that it will be the main
reactant:

CH3(CHa)10CH3 + Osory* — OH™ 4+ CH3(CH2)oC*HCHj3 (12)
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Both H'sov and OH'gy are non-reactive towards ligands. This leaves the dodecane radical cation
[CH3(CH2)10CH3]™ and the NOs® radical as the two main radical species undergoing reactions to cause
ligand degradation in the organic phase. Therefore, in our study we investigated both these reactions for
CMPO.

4.2.5.1 [CH3(CH>)10CH;]** Radical Cation Reactions

The electron pulse radiolysis of dodecane produces the mix of radical and ionic species listed in
Equation (9). In order to isolate only the radical cation, and to quantitatively measure its reactivity with
CMPO, picosecond electron pulse radiolysis/transient absorption experiments were performed at the
Brookhaven LEAF facility. This facility has been described in detail previously®'. Dodecane samples
containing 0.1 — 0.5 M methylene chloride (CH>Cl,) were irradiated in 1.00 cm Suprasil semimicro cuvettes
sealed with Teflon stoppers. The doses per pulse for various experiments were in the range 2040 Gy.
Time-resolved kinetics were obtained using a FND-100 silicon diode detector and digitized using a LeCroy
WaveRunner 640Zi oscilloscope (4 GHz, 8 bit). Interference filters (~10 nm bandpass) were used for the
wavelength selection of the analyzing light.

The presence of these high concentrations of CH>Cl, aided the dissolved oxygen in removing solvated
electrons through the reaction'”:

€ solv * CH>Cl, — CI" + *CH,CI (] 3)
which isolates the dodecane radical cation, [CH3(CH2)10CH3]™, as the only remaining reactive radical
species. Initially, transient absorption spectra were obtained over the visible/near IR wavelength region, as
shown in Figure 19. These spectra show that the same radical cation is initially generated under all
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Figure 19. Dose normalized initial (t = 0, extrapolated) transient intensities for aerated dodecane (filled

squares), CMPO in dodecane (filled circles) and CMPO in dodecane pre-contacted with 5 M HNOs (filled
triangles).
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Figure 20. Transient kinetics observed* at 800 m nm for dodecane radical cation reaction with 5-20 mM
CMPO. Data offset in both time and absorbance intensity to aid clarity. Solid lines are exponential decay
fits, with corresponding first-order rate constants of (5.05 £ 0.27) x 10® (open square, 5 mM CMPO), (5.48
+0.34) x 10® (open circle, 10 mM CMPO), (6.01 + 0.66) x 10® (open triangle, 15 mM CMPO), and (6.85 +
0.52) x 10® (open down triangle, 20 mM CMPO) s™', respectively.
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Figure 21. Top: Second-order rate constant plot for
reaction of dodecane radical cation (R™*) with CMPO
in dodecane/0.10 M CH»Cl, at 295 K. Individual data
points and corresponding error bars are the average of
3 individual measurements for each concentration of
CMPO. Solid line is weighted linear fit, corresponding
to a slope of ks = (1.30 £ 0.11) x 10" M 57!, (R* =
0.96). Bottom: Measured rate constants for 20 mM
CMPO in aerated dodecane/0.10 M CH,Cl, contacted
with different nitric acid concentrations showing no
significant increase in reactivity.

conditions, and that the cation is apparently not
immediately quenched by nitric acid contact. However,
the kinetics of the dodecane radical cation at 800 nm
are seen to decay faster in the presence of increasing
amounts of CMPO (Figure 20)*. These individual
decays were fitted to an exponential decay function,
which also included a small baseline adjustment. The

pseudo-first-order rate constants obtained were plotted against the CMPO concentration, see Figure 21, top,

whose slope gave a second-order rate constant for the reaction:
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[CH3(CH2)10CH;3]™ + [CMPOye(HNO3)y]
— CH3(CH»)10CH3 + [CMPOye(HNO3),]°® / products (14)
This was the first ever measured rate constant for the dodecane radical cation with this ligand.

This rate constant is nearly diffusion-controlled, indicating that the reaction of the dodecane radical
cation could be a major concern under process conditions. In addition, this value can be compared to the
previous finding that the rates of CMPO degradation in gamma-irradiations under similar solution
conditions, where it was observed that pre-contact of nitric acid provided a protecting effect of CMPO
degradation®. The decreased CMPO degradation rate (-Gcwmpo) Was attributed to the protective effect of the
formation of a [CMPOye(HNO3)y+1] complex in dodecane:

[CMPO4e(HNO:3),] (org) + HNOs(aq) 5 [CMPOx®(HNOs)y+1](org)  K7;=0.15+£0.01 (7)

As such, equivalent kinetic measurements were made for the highest concentration of 20 mM CMPO
with two acid pre-contacts, 2.5 M and 5.0 M HNO;.** These kinetic data are shown in Figure 21, bottom.
No significant change in the chemical reaction reactivity was observed. This constant behavior at the
different acid concentration contacts remains consistent with the interpretation that the charge transfer still
occurs at effectively a diffusion controlled rate with the formed nitric acid complex:

[CH3(CH2)10CH3]+. + [CMPOX.(HNO3)y+l]
— CH3(CH2)10CH;3 + [CMPOxe(HNO3),] + [HNOs]™ (15)

However, for the —Gewmpo data previously reported to be consistent with the measured kinetics, the charge
transfer reaction that occurs with the nitric acid complex would have to have to regenerate free unchanged
[CMPO4e(HNO:3),] (Reaction 15) whereas the charge transfer with the [CMPOy®(HNO3),] or dry CMPO
would have to directly result in ligand degradation (Reaction 14). This chemistry is still under investigation,
with different ligands and diluents being studied to provide further insight into these radical cation
reactions.

4.2.5.2 NOs* Radical Reactions in Organic Solvents

As detailed above, there are multiple routes by which the *NOs radical can be formed in the organic
solvent system, and therefore, we also investigated this chemistry in this work. Unfortunately, no suitable
source of the *NOs radical in dodecane was found over the course of this study. Experimentation showed
that the chemical tetrabutylammonium nitrate ((C4H9)4sNNO3) was sufficiently soluble in lower molecular
weight alcohols, particularly tert-butanol (~1.25 M) to allow direct irradiation effects to produce small but
useable amounts of the nitrate radical. However, this compound was barely soluble in dodecane, and its
radiolysis did not give any useful transient absorbance. The use of the tetraoctylammonium nitrate analogue
was also insufficiently soluble, and even synthesis and use of the tetradodecylammonium nitrate salt was
not successful. Lastly we tried using amyl nitrate, but while soluble in dodecane, its radiolysis resulted in
the nitrite (*NO,) radical rather than *NOs. At this time we are still searching for a suitable source molecule
to allow us to generate *NOs radicals in dodecane.

However, as a benchmark reference, multiple experiments were conducted using tetrabutyl-ammonium
nitrate in fert-butanol. The radiolysis of a saturated solution of this compound using relatively high doses
(~20 Gy) gave the transient absorption spectrum shown in Figure 22. This spectrum is identical to that
generated in aqueous solution using 6.0 M HNOs3, but red-shifted by 10-20 nm. The decay of this transient
species was found to be first order, and faster when a solute such as CMPO was added
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Figure 22. Initial (zero-time, extrapolated) UV-visible absorption spectrum of the *NOs radical in zert-
butanol generated through direct radiolysis of 1.25 M (C4H9)sNNOs3 dissolved in dodecane at 22°C.
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Figure 23. Pseudo-first-order kinetic decays observed for *NOs radical in tert-butanol with added CMPO;

22 uM (0O), 63 uM (O), 80 uM (A) and 100 uM(V). Solid lines are fitted exponential decays, giving the
rate constants plotted in Figure 24.
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Figure 24. Second-order rate constant determination for the reaction of the *NOs radical with CMPO in
dodecane. Error bars are one standard deviation as obtained from 3-4 individual measurements. Solid line
is weighted linear fit, corresponding to second-order rate constant of ki = (1.28 £ 0.13) x 10 M' s\,

(see Figure 23). By fitting pseudo-first-order decay kinetics to these observed traces, and then plotting the
fitted first-order rate constants against the CMPO concentration (Figure 24) the absolute, second-order rate
constant k¢ for the reaction of

*NOs(org) + CMPO(org) — products kis=(1.28+0.13)x 10 M 5! (16)

was obtained. This rate constant is slightly faster than determined in aqueous solution (see next section).

4.3 Ligand kinetic studies
4.3.1  Hydroxyl radical reactions with DTPA

One significant portion of this work was the measurement of aqueous radical kinetics with various
ligands anticipated for use in large-scale solvent extraction based nuclear fuel reprocessing. As shown
previously, the important radicals are the hydroxyl radical (HO®), nitrate radical (*NOs) and under certain
circumstances, hydrogen atom (H®). The following section is a short summary of how these measurements
were performed, utilizing the Linear Accelerator facilities at the Radiation Research Laboratory, University
of Notre Dame, and the rate constants for various ligands measured.

For HO® radical chemistry the ligand DTPA (diethylenetriaminepentaacetic acid) was chosen for
detailed study. As the reaction of HO® with DTPA did not produce any significant UV-visible transient
absorbance over the range 250 — 800 nm, these kinetics were measured using SCN™ competition kinetics.
This approach is based on using KSCN as a standard'’, and competing the HO® radical against it by addition
of the DTPA. The reactions corresponding to this chemistry at 22°C and neutral pH are:

HO® + SCN (+ SCN') — OH + (SCN)," ki7=1.05x 10" M' 5! (17)
HO® + DTPA — products k ks (18)
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These kinetics are just a coupled differential equation, which can be readily solved to give the analytical

expression:
Abs (SCN)}* 1 klg[DTPfl] (19)
Abs(SCN), k;[SCN™]

where Abs’(SCN),™ is the total absorbance measured from the yield of (SCN),™® in a solution of only SCN"
(blank), while Abs(SCN),™® is the absorbance measured for (SCN),® with DTPA present. By plotting the
absorbance ratio Abs® (SCN),"/ Abs® (SCN)," versus [DTPA]/[SCN] a straight line is observed with a y-
intercept of 1.0 and a slope of kig/ki7. From the known k7 value, the ks rate constant is determined.

Typical data for these kinetics and transformed plot are shown in Figure 25. From the transformed
linear plot (Figure 25, bottom) a reaction rate constant of ki = (2.28 £ 0.07) x 10° M! s is obtained for
these conditions. DTPA has a number of protonated species, which are pH dependent®. For example, at the
TALSPEAK system pH of 3.6 there are significant amounts of four different protonated DTPA species.
Therefore, it was important to determine the rate constants for the reaction of the hydroxyl radical with each
of these species. Based on the speciation diagram, generated using known pKa values* (see Figure 26)
fractional components of each DTPA species could be calculated under any pH and temperature condition.
In this study we assumed that the overall rate constants obtained at both pH 1.0 and pH 6.0 were assumed
to be equal to the rate constants for the Hs-DTPA and H,-DTPA®" species respectively. This assumption
was based on the fact that the percentage of these species at those pH’s was 98% or higher. Intermediate
pH rate constants was the weighted sum of the individual species’ rate constants, according to:.

Koverall = alpTPA-H5 X KDTPA-HS T ODTPA-H4 X KDTPA-H4 T ODTPA-H3 X KDTPA-H3 + OlDTPA-H2 X KDTPA-H2 (20)

with a being the fractional contribution of each protonated species and k the corresponding rate constant
for that species. It is important to note that although there are several other pKa values for more acidic
pH’s these were assumed to be similar to those obtained at pH 1.

The measured reaction rate constants at various temperatures and pH’s are summarized in Table 1.
Combining these with the temperature-dependent pKa values and plots as shown in Figure 26, individual
rate constants for Hs-DTPA™ and H3-DTPA?* were calculated. The resulting rate constants are shown in
Table 2. The rate constants for H3-DTPA, Hs-DTPA, and Hs-DTPA are all very similar at the same
temperature, while the rate constant of H»-DTPA™ is significantly larger. The similarity of the reaction rate
constants for the Hs-, Hy-, and Hs-DTPA validates our assumption that the more protonated species at much
higher acidities (lower than pH 1) would be the very similar to that of Hs-DTPA.
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Figure 25. Top: Transient absorbance of
(SCN),” from N,O-saturated 102.4 pM
KSCN solution containing zero (), 102.8
(0), 208.5 (A), and 406.9 (V) [IM DTPA at
pH 6.00 and 23.8°C. Bottom: Competition
kinetics plot for the determination of second
order rate constant of hydroxyl radical using

3.0

ratios of limiting absorbance of kinetic traces
of top. Solid line is weighted linear fit, with
slope of m = (2.69 £ 0.07) x 10™', intercept of
I =0.999 + 0.009, R* = 0.998. This slope

orresponds to kg = (2.28 £ 0.07) x 10° M
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Figure 26. Fractionation plot for the protonated species of DTPA at 25°C generated using literature pKa
values.
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Table 1: Overall measured rate constants determined for hydroxyl radical reaction with DTPA.
pH Temp.(K) 10°k M'sh) 1T (K') In(k)

1.0 281.53 2.19 0.00353  21.508
1.0 288.81 2.50 0.00346  21.640
1.0 294.83 2.82 0.00339  21.760
1.0  301.87 3.29 0.00320 21.914
1.0 311.54 3.95 0.00321 22.096
2.0 283.03 2.11 0.00353  21.469
20 288.73 2.40 0.00346 21.598
2.0 294383 2.71 0.00339  21.720
2.0 31250 3.69 0.00320 22.030
43  282.23 2.33 0.00354  21.569
43 29229 3.20 0.00342 21.886
43  302.70 4.17 0.00330 22.151
43 31091 5.11 0.00322 22.354
6.0 28249 3.06 0.00354 21.841
6.0 29236 4.03 0.00342 22.116
6.0 302.70 5.29 0.00330 22.389
6.0 31091 7.13 0.00322 22.688

Table 2: Temperature-dependent rate constants determined for different DTPA species
DTPA Species Temp. (K) 107k M's") 1/T(K") In (k)

Hy-DTPA™ 282.49 3.06 0.00354 21.841
292.36 4.03 0.00342 22.116
302.70 5.29 0.00330 22.389
310.91 7.13 0.00322 22.688
Hy-DTPA> 282.23 1.83 0.00354 21.326
292.29 2.35 0.00342 21.577
302.70 2.66 0.00330 21.703
310.91 2.98 0.00322 21.814
H,-DTPA- 283.03 2.11 0.00353  21.469
288.73 2.13 0.00346 21.479
294.83 2.42 0.00339  21.607
312.50 3.09 0.00320 21.852
Ha-DTPA 281.53 2.19 0.00353 21.508
288.81 2.50 0.00346 21.640
294.83 2.82 0.00339  21.760
301.87 3.29 0.00320 21.914

311.54 3.95 0.00321 22.096
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Table 3: Thermodynamic parameters determined for the different DTPA species.

DTPA Species E. (k] mol™) AH* (kI mol™) AS* (J mol' K
H,-DTPA* 21.37+1.39 18.91 +1.37 3.93+4.62
H;-DTPA* 12.11 +1.32 9.65+1.34 -32.73 £4.51
H.-DTPA- 13.39 +1.68 7.69 +1.27 -39.10 +4.33
Hs-DTPA 14.45+0.41 11.99 £ 0.40 2313+ 1.34

In order to determine the thermodynamic parameters of these reactions, the Arrhenius and the Eyring
equations were used. These equations allowed for the determination of the enthalpy (AH*), and entropy
(AS¥) of activation, as well as the activation energy (E,) and the pre-exponential factor (A). These data are
summarized in Table 3. Again it is seen that the only species that is significantly different is H,DTPA®",
which has a significantly higher activation energy (E,), enthalpy of activation (AH*) and the only positive
entropy of activation (AS¥) value.

4.3.2 Hydroxyl radical reaction with metal-loaded ligands

Under anticipated large-scale process conditions considerable fractions of the ligand will be bound
to metal ions. For TALSPEAK, DTPA acts as a hold-back agent, complexing actinides to prevent them
from being extracted into the organic phase. As such, considerable effort in this project was spent
elucidating reaction rate constants for the important radicals with metal-loaded ligands. For the hydroxyl
radical the same approach was used for metal(M)-DTPA(L) complexes, based upon SCN™ competition
kinetics'’. Separate experiments confirmed that the lanthanide ions themselves did not oxidize by reaction
of HO® radicals, therefore, experiments were conducted using a slightly limiting amount of DTPA. It was
always assumed that a 1:1 complex was always formed, so M:L ratios of 1:1.1-1.2 were always used in
aqueous solution.

Typical data are shown in Figure 27 for Eu-DTPA. The rate constant under these conditions was
determined to be k = (3.63 £ 0.04) x 10° M"' s™!, substantially faster than determined for free DTPA alone.
Following this methodology for a series of lanthanide-DTPA complexes, the rate constants summarized in
Table 4 were obtained. These data are shown graphically in comparison to free DTPA in Figure 28. It is
seen that at pH 2, a significant decrease in HO® reactivity occurs, whereas at higher pH’s, the reactivity
remains constant. This is in contrast to free DTPA that shows an increasing reactivity over the pH 2-6 range.
We attribute this change in reactivity in the metal-loaded system to the protonation of the active reaction
site at the lower pH’s. This is not evident in the reaction rate constants observed for free DTPA, indicating
that the metal complexation impacts the chemistry of the DTPA significantly. Based on literature
comparison and complexation of DTPA with other metals, this site is probably one of the constituent
nitrogen atoms becoming further protonated, which would reduce its reactivity.

Presently, we are investigating other HO® reactions with lanthanides bonded to different ligands, as
well as temperature effects to obtain Arrhenius and thermodynamic parameters.
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Figure 27. a) Measured (SCN)," absorbance for
N>O-saturated, 100.3 uM KSCN and 199.6 uM
Eu’* with zero (top black), 20.8 (red), 61.6 (green)
and 99.7 (bottom blue) uM DTPA at pH 3.03 and
21.9°C. b) Transformed competition kinetics plots
for Eu-DTPA at from peak absorbance data of a).
Solid line corresponds to linear fits, from which are

determined specific rate constants for hydroxyl
radical reaction with Eu-DTPA ofk =(3.63 £ 0.04)

x 10° M s,

Summary of Lanthanide-DTPA and hydroxyl radical reaction rate constants.

Metalion pH Temp 10° k Metalion pH Temp 107 k
0C M-l s-l oC M-l s-l
Lu* 22 221 298+0.27 Eu* 2 194  295+0.04
3 21.8  3.42+0.03 3219 3.63+0.04
3.6 233  3.30=0.12 4 222  3.55+0.02
5 210 323+0.11 5 214 356%0.17
Er’* 2 222 3.27+0.05 N& 2 222 351+0.12
3 226 3.84+0.09 3.6 226 3.49+0.13
3.6 222  3.89+0.07 5 223 4.15+047
5 219 391£0.12 La** 2 215 2.84+0.06
Gd" 2 221 3.64+0.06 3.6 214  3.12+0.16
3 21.8  4.80+0.09 5 221  361+026
3.6 206 423+0.10
5 208 4.42+0.05
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Figure 28. Summary of pH-dependent hydroxyl radical rate constants with metal-loaded DTPA at room
temperature (20-22°C). Also shown are the equivalent data for free DTPA ligand in aqueous solution.

4.3.3  Nitrate radical reaction with free and metal-loaded ligands

As detailed for the organic (zert-butanol) experiments, the NOs® radical was readily generated using
direct radiolysis effects on 6.0 M HNOj solutions. The same transient absorption spectrum, blue-shifted by
10-20 nm, was obtained, see Figures 22. Absolute kinetics were obtained in the same way as in fert-butanol,
typical examples are shown in Figures 29 and 30 for the modifier Cs-7SB. A number of ligands, and other
species relevant to the nuclear fuel reprocessing industry were studied in this portion of the project. A
summary of the rate constants obtained is given in Tables 5. These aqueous values were compared to
organic media wherever possible. It was generally seen that the NOs® radical reacted slightly faster in
organic (fert-butanol) solution than in aqueous solution. Mechanistically, it is expected that similar
reactions occurred; with NO3*® radical addition to aromatic rings. These reactions occurred much faster for
methyl-substituted phenyl rings, where electron abstraction from the terminal methyl moiety allows
formation of the semi-stable aromatic 7-membered tropylium cation. Nitration of the aromatic rings though
significantly reduced additional NOs* reactivity. Lastly, just as for the hydroxyl radical, much faster
(almost an order-of-magnitude) rate constants were obtained for metal-ligand complexes in the organic
phase (1:3 complexes, with a slight excess of non-reactive metal ions) than for the free ligand alone.

In an attempt to understand NOs® reaction mechanisms in general, significant work was performed on
rate constant determination for multiple species in fert-butanol and 6.0 M HNO; solution. An excellent
linear correlation was obtained between these two diluents, as shown in Figure 31. Effort is currently on-
going to expand this dataset.
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Figure 29. Typical first-order decay kinetic data obtained at 630 nm for NO;* radical reaction with Cs-
7SB in 6.0 M HNOs at 22.2°C.
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Figure 30. Second order-determination of reaction rate constant for NOs°® radical reaction with Cs-7SB in

6.0 M HNO; at 22.2°C. Slope of line gives k = (2.90 = 0.03) x 10° M s7'. Inset is structure of Cs-7SB
modifier.
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Table 5. Summary of measured NOs® radical rate constants obtained for ligands and other species of
relevance to the nuclear fuel reprocessing industry.

Analyte Organic Phase (tert-butanol) Aqueous phase (6.0 M HNO3)
k/M's! k/M's!
TBP (1.42+0.09) x 107 (4.3+0.7)x 10°
CMPO (3.24+0.17)x 10® (1.28+0.13) x 10®
DMDOHEMA (4.27 £0.46) x 108 (2.22£0.10) x 108
CMPOeNd (3.37£0.05) x 10°
CMPOeEu (2.52+0.05) x 10°
Cs7SB (2.90 £ 0.03) x 10°
Benzene <1x10°
Toluene (1.71 £0.06) x 10°

3-nitrotoluene

(2.80 £ 0.05) x 10’

2,4-dinitrotoluene

(3.07 + 1.45) x 10°

24
29 € m-xylene
2-methyl-1-butene ¢ toluene
/’/@(ylene
20 DMDQHEMA ot A
p=Xyltene anisole
— 18 ¢ CMPO
g ethanol  1-butan
< 56 ) ol ¢ TBP
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Figure 31. Correlation plot of In(koe/M™ s™) against In (kimo/M™ s7) for various chemical species.

Equation given is non-weighted linear fit. R? value shows excellence of correlation.
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4.4 TBP irradiation studies

The stability of TBP in organic media has been the basis of the PUREX extraction system for many
years, however, little high LET work has been done. The main efforts for investigating the degradation
of this ligand were undertaken using the TRIGA™ reactor irradiation facility at the University of
California, Irvine, California. The advantage to this system was that large doses (hundreds of kGy)
were obtainable quickly, and that the mixed gamma/alpha radiolysis field was representative of the
conditions anticipated under real-world, large-scale reprocessing conditions. However, the mixed field
irradiation meant that deconvolution of the individual gamma and alpha effects needed to be performed
utilizing computer programs. Moreover, the method of alpha generation, through the '°B(n,a)’Li
reaction (see Figure 2) gave two high LET particles that were significantly different in energy than the
isotope alpha decay; the total energy of ~2.79 MeV is partitioned by the alpha particle (~1.47 MeV)
and the "Li recoil (~0.84 MeV)'?. Although one can assume these are similar enough to be equivalent
to only alpha irradiation, this gives a slightly different yield of radical species, as shown in Figure 32
for the standard Fricke dosimeter.

Initial attempts utilizing the TRIGA™ reactor were focused upon obtaining reliable dosimetry for
irradiations performed in dodecane®. From a combination of the dye methyl red as compared to the
standard Fricke dosimeter (see Figure 32) absolute dose deposition for mixed field gamma and alpha
irradiation was obtained. The advantage of using the methyl red system was that it could also be used
in separate gamma-irradiation (*’Cs) experiments, allowing deconvolution of the mixed irradiation
field data to be more readily performed. These data are shown in Figures 33 and 34. Computer modeling
and deconvolution of this irradiation system was also performed for the experimental data, excellent
agreement is consistently seen. The a radiolysis based degradation is about an order of magnitude less

than for y.
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Y 2 Fe? Fe3
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o
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Figure 32. Radiation chemistry of the Fricke dosimeter for various LET (AEa/dx) species®®. Circled
values are comparison of high LET o He*" vs the '°B(n,0))'Li generated species.
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Figure 33. Low LET (**’Cs) v irradiation of methyl red (structure inset) in dodecane. Solid line is
computer model fit. Degradation efficiency is 4.68 x 10™* umol J™! at room temperature.
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Figure 34. Various high LET (TRIGA™) a. irradiation of methyl red in dodecane. Solid line is
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Figure 35. TRIGA™ based high LET-irradiated TBP in dodecane. Dashed and dotted lines are the
results of computer modeling of this system to give the G-values listed in Table 6.

Table 6. Measured G-values (umol Gy™) for high-LET irradiation of TBP in dodecane

Reaction path vy irradiation o irradiation
Degradation of TBP to all products 0.36 0.14
Degradation of TBP to DBP, i.e. formation of DBP 0.18 0.047

For TBP degradation, both the loss of TBP and the production of the product dibutyphosphate (DBP)
could be directly monitored by gas chromatography (GC). Typical data®® for the reactor alpha irradiation
are shown in Figure 35. Based on the deconvolution computer model, individual G-values for both TBP
loss and DBP production and subsequent loss could be determined (see Table 6). The computer model
predicted loss/production is also shown in Figure 33, with excellent agreement observed. From the data in
Table 6 it is also clear to see that almost half the TBP loss does not lead to DBP for y irradiation, and even
less occurs by this pathway for o irradiation.

There have been multiple previous G-value determinations for TBP radiolysis, mainly by low and a
few for high LET particles. Representative data are shown in Tables 7 and 8, and are compared to the data
of this study.
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Table 7. Comparison of TRIGA™ low LET irradiation data with previous literature for TBP.

G+
Source Reference Solution Irradiation Conditions PeP
(umol/J)
37Cs This study IM TBP/n-dodecane No pretreatment, 'dry’ 0.18
Co 37 30% TBP/isooctane No pretreatment, 'dry’ 0.19
Co 38 30% TBP/decane No pretreatment, 'dry’ 0.15
%Sy 39 30% TBP/alkane In contact with 3M HNO; 0.11
Co 40 30% TBP/kerosene Pre-equilibrated 3M HNO; 0.10
30% TBP in Aliphati
Low LET 41 : & i AHIphatie H,O Saturated 0.09
Diluents
Table 8. Comparison of TRIGA™ low LET irradiation data with previous literature for TBP.

Source Reference Solution Irradiation Conditions G pep (umol/J)
B(n,a)’Li This study 1M TBP/n-dodecane Sealed in polyvials “Dry” 0.063
Helium ion 42 30% TBP/n-dodecane Sealed in quartz “Dry” 0.07
Py** 40 30% TBP/ kerosene Pre-equilibrated 3M HNO; 0.08
Pu*® 43 30%TBP/n-dodecane Pre-equilibrated 3M HNO; 0.09
Pu**® 44 30% TBP/n-dodecane  Pre-equilibrated 3M HNOs 0.10
Pu*® 45 30% TBP/paraffin In contact with 3M HNO3 0.10

Overall, alpha radiolysis causes less TBP degradation than gamma radiolysis. For y irradiation excellent
agreement is seen for the “dry” irradiation values. Solutions that were in contact with acid and/ or water
show much lower DBP formation G-values. The G-values for DBP formation from alpha radiolysis (Table
8) are much more varied, but the only directly comparable value for “dry” irradiation is in pretty good
agreement. In this situation, having pre-contact with HNOs appears to increase the degradation of TBP to
DBP.
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4.4.1  Uranium loaded TBP degradation studies

A number of subsequent experiments were carried out with solutions of TBP in n-dodecane loaded with
varying concentration of uranyl nitrate. In parallel were studies using TBP/n-dodecane solutions contacted
with nitric acid and some ‘dry’, i.e. not contacted with any aqueous phase. All solutions were prepared with
or without boron compounds for subsequent high-LET studies. The TBP concentration was 0.1 M in n-
dodecane. This lower TBP concentration was chosen so that we could observe high loading of uranium in
the organic solution, i.e. having a relatively high U:TBP ratio. However, these conditions resulted in larger
measurement uncertainties and no possible detection of DBP degradation product.

The organic solutions were contacted with 3 M nitric acid containing varying concentration of uranyl
nitrate, ranging from 0 to 0.1 M. The aqueous phase was removed after contact and the organic solutions
then irradiated. One set of these solutions was irradiated in a '*’Cs irradiator to various gamma doses, with
samples taken before irradiation, and then every 7 days up to 28 days of total exposure. A blank set of
solutions was also run to determine TBP degradation due to acid or metal hydrolysis. A third set of samples
was placed in the TRIGA™ reactor at different irradiation times to match the total high LET dose to that
of the y irradiation. Correction for the y irradiation experienced by the samples in the reactor was performed
using solutions that had no boron included.

All samples were analyzed by in-house GC by diluting the samples in hexane and adding a derivatizing
agent to ensure that all degradation products would be sufficiently volatile. Figure 36 shows the TBP
concentration from samples contacted with 0.05 M uranyl nitrate and irradiated in the gamma-source.
Figure 37 shows similar samples irradiated in the reactor with the presence of boron. Immediately, it can
be seen that the concentration of TBP is lower than 0.1 M. This is attributed to the metal loading; it is
assumed that each uranyl ion is coordinated by two TBP molecules. Indeed, activation analysis to establish
the uranium concentration in each organic phase verified that the free TBP concentration matches well that
measured by GC if the assumption that UO,*" ions in the organic phase reduce the free TBP in a 1:2 ratio.
This also leads us to believe that the GC analysis method is not able to break up the TBP,-UO,-NO3
complexes, and hence we are analyzing only free TBP.

The free TBP present in the irradiated samples is calculated by first assuming that TBP degrades by
gamma radiation. TBP/n-dodecane solutions contacted with only nitric acid but without uranium and
exposed in the Cs-source were used to find the degradation constant for this path. The second assumption
required to accurately model the observed decay concentrations was that each TBP,-UO,-NO; complex that
degrades releases one TBP molecule resulting in an increase in the free TBP concentration. The degradation
constant for the TBP-metal complex was obtained by fitting the free TBP data at each metal concentration.
It was assumed that gamma degradation of free TBP would have the same value regardless of the metal
concentration.

Once degradation constants for the low LET constants were established the equivalent constants for
high LET were calculated. Finally, the TBP data for uranium loaded organic phases containing boron and
irradiated in the reactor was fitted. The degradation of free TBP matched reasonably well with the values
already established previously (see last section). Slight differences were observed which might be attributed
to the fact that the solutions are contacted with nitric acid and that the starting concentration was much
lower. It can be seen that the high LET has a smaller effect than low LET Table 9). Furthermore, the TBP-
U complex degrades more quickly than free TBP. This is the reason for the apparent increase in free TBP
concentration during irradiation when TBP-U complexes are present.
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Figure 36. Free TBP concentration for samples contacted with 0.05 M uranyl nitrate in 3 M HNOs. Total
TBP before contact was 0.1 M and the solvent was n-dodecane. Cs-137 gamma irradiation only.
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Figure 37. Free TBP concentration for samples contacted with 0.05 M uranyl nitrate in 3 M HNO3. Total
TBP before contact was 0.1 M and the solvent was n-dodecane, bis-pinacolato diboron was included in all
the samples to match the low LET doses shown in Figure 36.
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Table 9. Degradation constants for free TBP and TBP-U complex using high and low LET irradiation.

Irradiation Condition Value (kGy™)
Degradation of the TBP-U complex by gamma 1.26x 10
Degradation of free TBP by gamma 3.59x 10*
Degradation of the TBP-U complex by high LET 3.8x 107
Degradation of free TBP by high LET 1.86x 10"

4.5 Methylene blue irradiation studies

One of the most important milestones of this proposal was to identify the best alpha-radiolysis
technique. While it is recognized that “the best” is a broad category, it was important that each alpha
radiolysis methodology gave the same result, and that ease of use and availability of the method were also
considered. The data detailed previously for CMPO, DTPA and TBP all showed excellent stability in
organic media, particularly acidic aqueous-contacted organic media. This meant that only the ***Cm and
reactor irradiations could be used to perform these experiments, as the ion-beam and ?'' At irradiations did
not provide sufficient total dose to degrade these compounds in a measurable quantity. This is another
reflection of the less deleterious effects of high LET radiation on solvent extraction ligands.

Therefore, to fully examine the capabilities of each alpha irradiation approach, a more sensitive
system requiring less dose for compound degradation was incorporated. The system chosen for study was
methylene blue, see Figure 38, a water soluble dye that had already been shown to undergo radiolytic-
degradation at doses less than 1 kGy. In addition, one high LET irradiation study had already been
performed on this dye, with the obtained data shown in Figure 39*°. The same batch of chemical was used
for all experiments.

H-C CH-
3 - 3
Y s N*

CH CHs
Figure 38. Chemical structure of the dye methylene blue used for high LET irradiation comparison.

For this study, all four types of high LET irradiation were conducted on this dye molecule in water.
Unfortunately, while the *''At experiments were performed, no meaningful degradation data could be
elucidated from the UV-visible spectra taken 3-5 days after the irradiation occurred. A new, strong,
absorbance in the far visible was observed, which we attributed to the daughter Bi forming a complex with
the methylene blue dye, or some of its degradation products. Deconvolution of the overall absorbance to
obtain just the remaining methylene blue absorbance has not yet been successful. Attempts to further
analyze these data are on-going.
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Figure 39. Literature®® data for the high LET radiolysis of 16 uM methylene blue in neutral aqueous
solution. Of particular relevance are the two limiting values, listed as G = 0.71 value for y-rays, and the G
= 0.065 #molecules/100eV for 2, 5 and 10 MeV He?' ions. Note that these G-value units are pre-SI, to
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Figure 40. Summary of alpha irradiations performed for methylene blue dye (16 uM, pH 0 - 7) in this
study. G-values in units of #molecules/100eV to be consistent with previous literature data*.
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Table 10. Summary of G-values obtained for methylene blue high LET irradiation.

Method G-value
(umol Gy™)
2,5,10 MeV He ion beam (2005) 0.00710 + 0.00050
5 MeV He ion beam (2014) 0.00539 + 0.00017
5 MeV He ion beam + 0.10 M acid (2014) 0.00491 + 0.00082
8 Am isotope (2015) 0.00487 = 0.00015
Reactor a (2014) 0.00313 £ 0.00019

The remaining high LET irradiations, **Am, 5 MeV He ion beam and the TRIGA™ reactor all gave
meaningful data, these are shown in Figure 40. Excellent agreement was seen between the Am isotope
alpha irradiation and the helium ion beam, at low dose, for both neutral pH and 0.10 M HNOs conditions.
The G-values obtained, 0.049 — 0.054 #molecules/100 eV can be considered equal within experimental
error. The new alpha degradation value by these methods is slightly lower than previously measured,
however, this can be attributed to different batch used for this dye. The TRIGA™ gamma de-convoluted
value is also shown in Figure 38, the calculated gamma G-value of 0.69 #molecules/100 eV is in very good
agreement with the published value of G = 0.71 #molecules/100eV shown in Figure 39. However, the
TRIGA™ high LET data were far lower; taking the initial slope of these curved data gives G = 0.031
#molecules/100 eV? Insight into this significant difference was obtained by repeating the He ion beam
irradiation at a dose rate that was 10x higher than the original irradiation. Under the high dose rate
conditions, a much lower (and curved, like the TRIGA™ data) G-value of 0.017 #molecules/100 eV was
obtained. All these conditions are summarized in Table 10 (also converted to SI units). We attribute the
lower value for the high LET irradiation of the TRIGA™ reactor to the relatively high dose rate of
irradiation. It would be desirable to perform additional experiments at different dose rates to allow a
quantitative extrapolation to zero-dose, to see if better agreement with the ion-beam/Am isotope data can
be achieved.

5. CONCLUSION

The work performed here measured and compared the impacts of y and a- irradiation on ligands used
in separation systems for nuclear applications. Effort was focused upon the major ligands used in the
PUREX, TRUEX and TALSPEAK processes, notably TBP, CMPO and DTPA. The major goal of this
proposal was to quantitatively compare low linear energy transfer (low LET, y-irradiation) and high linear
energy transfer (high LET, a-irradiation) on diluents (dodecane) and ligands, both free and metal-loaded.
These comparisons were achieved in this work.

Under fully-aerated, acidic, conditions in the aqueous phase, the most important radicals were the
hydroxyl radical (HO®) and the nitrate radical (*NOs). Hydroxyl radical rate constants were determined for
DTPA, and metal loaded-DTPA using electron pulse radiolysis/transient absorption techniques and SCN
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competition kinetics. From the rate constant data measured in this work over a range of pH and temperature
individual DTPA species rate constants and Arrhenius/Eyring parameters were obtained for the free ligand.
For pH < 4 all DTPA protonated species reacted equivalently, only at pH 6.0, where the H,DTPA? species
dominated were different kinetics and thermodynamics found. The lanthanide-loaded DTPA species all
reacted much more quickly than the free DTPA, but in this case it was the most acidic pH’s that showed
different behavior. For *°NOs radical reactivity in the aqueous phase, reaction rate constants were directly
measured following the radical absorbance at 630 nm. Rate constants varied over many orders of
magnitude, being fastest when aromatic rings with methyl substituents were present. The *NOs radical
absorbance in organic media (zert-butanol, as no *“NO; radical source could be found for dodecane) was
very similar to that of the aqueous phase, and so the same method of measurement was employed. Overall,
it was seen that *NOj reactions with ligands in the organic phase occurred more quickly than in the aqueous
phase. Like the hydroxyl radical with metal-loaded DTPA °NOs reactions with metal-loaded ligands
(CMPO) in the organic phase were even faster. Lastly in the organic phase kinetics of the dodecane solvent
radical cation (Ci2Ha6™*) were measured for CMPO, showing almost diffusion-controlled reaction rates.

These kinetic data were augmented by steady-state irradiations on diluents and solvent systems, where
distribution and stripping ratios and mass spectrometric measurements of decomposition products were
determined. While gamma irradiation was performed using either “*Co or '*’Cs irradiators three distinctly
different methods for alpha radiolysis were utilized. These included isotopic alpha irradiation (***Cm,
23 Am, 2!'At), helium ion beam irradiation (5.0 MeV He?" accelerated particles) and a TRIGA™ reactor.
Primary focus was on CMPO in dodecane, particularly solutions that had been pre-contacted with nitric
acid aqueous systems, where a remarkable increase in radiation stability was found. This was attributed to
the formation of a [CMPOx®(HNO3)y+1]| complex, Keq =0.15 + 0.01, that gave additional protection to this
ligand from radical degradation. Mass spectroscopy analysis of irradiated CMPO/dodecane systems showed
different breakdown patterns and product distribution yields for the two forms of radiation, indicating that
different reaction mechanisms were occurring for low and high LET irradiation. No difference for dodecane
radical cation reactivity with dry CMPO or pre-contacted CMPO was found. These product studies were
augmented by a detailed study of forward extraction distribution coefficient value, and stripping value,
measurements for both forms of irradiation.

The kinetic findings above for metal-loaded ligands were also observed in reactor based uranium-TBP
radiolysis experiments. It was seen that gamma irradiation caused generally much more degradation than
alpha irradiation, and that uranium complexed TBP degraded far quicker than the free TBP ligand itself.
Quantitative compute modeling of these experimental degradation systems was also performed, with
specific G-values elucidated.

The excellent radiation stability of these ligands, while an excellent finding for future large-scale
reprocessing work, meant that direct comparison of the different alpha-radiolysis techniques for them was
not possible. Ultimately, a direct comparison of these three alpha irradiation techniques on a model dye,
methylene blue, demonstrated that dose-rate effects were extremely important in quantifying the overall
degradation efficiencies. Excellent agreement was obtained for isotope (**Am) plus ion-beam alpha
irradiation, but the higher dose rates for the TRIGA™ reactor gave considerably lower values. Based on
these dye data we suggest that the most advantageous method to be used for future alpha radiolysis would
be the He ion beam irradiation.
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One other planned product of this work was to collate the experimental information for these

ligands into a computer model. However, the excellent radiation stability of TBP and CMPO for alpha

radiolysis, particularly for the latter when pre-contacted with acid, suggests that the predicted use of these

chemicals only requires an empirical loss calculation which would be based on specific operating
conditions. This should considerably simplify future modeling efforts in this area.

The knowledge gained in this work provides not only a comprehensive understanding of the

radiation chemistry of currently proposed processes, but also give quantitative baseline information and

evaluation methods for any future proposed nuclear solvent extraction systems. Thus this study filled major

current gaps that had existed for real-world, irradiated, solvent systems.
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